Background: Huntington disease is characterized by the generation of mutant huntingtin fragments, which correlate with disease progression. Results: The transgenic mice N171-Q148 and N552-Q148 display a significantly accelerated phenotype and shortened life span when compared with N463-Q148, N536-Q148, and N586-Q148 transgenic mice. Conclusion: Some HTT proteolysis fragments have distinct neurotoxicity. Significance: Reducing proteolysis of huntingtin is a viable therapeutic treatment for Huntington disease.
The cascade of events that lead to cognitive decline, motor deficits, and psychiatric symptoms in patients with Huntington disease (HD) is triggered by a polyglutamine expansion in the N-terminal region of the huntingtin (HTT) protein. A significant mechanism in HD is the generation of mutant HTT fragments, which are generally more toxic than the full-length HTT. The protein fragments observed in human HD tissue and mouse models of HD are formed by proteolysis or aberrant splicing of HTT. To systematically investigate the relative contribution of the various HTT protein proteolysis events observed in vivo, we generated transgenic mouse models of HD representing five distinct proteolysis fragments ending at amino acids 171, 463, 536, 552, and 586 with a polyglutamine length of 148. All lines contain a single integration at the ROSA26 locus, with expression of the fragments driven by the chicken ␤-actin promoter at nearly identical levels. The transgenic mice N171-Q148 and N552-Q148 display significantly accelerated phenotypes and a shortened life span when compared with N463-Q148, N536-Q148, and N586-Q148 transgenic mice. We hypothesized that the accelerated phenotype was due to altered HTT protein interactions/complexes that accumulate with age. We found evidence for altered HTT complexes in caspase-2 fragment transgenic mice (N552-Q148) and a stronger interaction with the endogenous HTT protein. These findings correlate with an altered HTT molecular complex and distinct proteins in the HTT interactome set identified by mass spectrometry. In particular, we identified HSP90AA1 (HSP86) as a potential modulator of the distinct neurotoxicity of the caspase-2 fragment mice (N552-Q148) when compared with the caspase-6 transgenic mice (N586-Q148).
Huntington disease (HD) 2 is a dominant autosomal genetic disorder affecting approximately 30,000 people in the United States. HD is caused by expansion of a CAG trinucleotide repeat in the first exon of the huntingtin (HTT) gene and the translated protein has an enlarged CAG-encoded polyglutamine (polyQ) tract at the N-terminal region of the protein (1) . HD is characterized by progressive loss of medium spiny neurons and cortical neurons during aging (2, 3) . Neurodegeneration in HD results in neurocognitive decline, personality changes, chorea, dementia, and death (4) . Contributing to the toxicity of mutant HTT protein is the production of protein fragments (5, 6) . These fragments begin to accumulate and aggregate in neurons during aging and may be necessary to lead to the neurodegeneration that causes HD (5, (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) .
The HTT locus on chromosome 4 at 4p16.3 encodes a 13.4-kb mRNA transcribed from a genomic region of 180 kb and containing 67 exons. The protein contains several known domains, including the polyQ domain, nuclear export signals (22) (23) (24) , and proteolysis-susceptibility domains (Fig. 1A) . HTT protein is extensively modified after translation, and many of these modifications have been recognized as important for progression of the disease (25) (26) (27) (28) (29) (30) (31) (32) (33) . In addition to phosphorylation and acetylation (30, 34, 35) , which have been shown to modulate mutant HTT toxicity, proteolysis plays a role in HD neuro-degeneration. HTT is a target of several protease families, including caspases, calpains, and matrix metalloproteases ( Fig.  1A) (8) . Calpain and caspase cleavage products have been shown to be present in HD post-mortem tissue (13, 20, 36) . Careful analysis of HD post-mortem tissue shows extensive proteolysis (37) . The resulting N-terminal fragments of HTT have been shown to be toxic to neurons in mice and flies. Inhibition of protease cleavage by genetic means at specific sites in mouse models of the disease has been demonstrated to reduce progression of the disease; thus, the N-terminal HTT fragments are sufficient to cause disease progression in mice. These observations form the basis of the "toxic fragment" hypothesis for HD neurodegeneration.
A lingering question associated with the toxic fragment hypothesis is how the various fragments of HTT differ in toxicity. Factors such as subcellular localization, protein interactions, aggregation propensity, and size of the fragment are thought to determine disease progression and phenotype. The analysis of this hypothesis has been addressed in mouse models of HD with a number of different approaches, including the generation of noncleavable full-length HD models and fragment models (10, 12, 38 -43) . Mutation of cleavage sites does not directly compare the effect of fragments expressed at equal levels of expression on neuropathology, behavior, biochemistry, and life span. One approach to understand the relative significance of these fragments, particularly in proteolysis events, is to compare mouse models of HD. However, in most cases comparisons cannot be made between transgenic HD mouse models because copy number, transgene structure upon integration, and integration site, all impact, among other things, the level of expression of HTT. The goal of our study was to utilize a systematic approach to understand the individual contribution of five of the major HTT proteolysis products to neurodegeneration and to identify the mechanisms that lead to their toxicity in vivo.
Experimental Procedures
Generation of Transgenic HTT Fragment Mice at the ROSA26 Locus-We generated the mouse transgenic lines described in this work with Taconic/Artemis (Cologne, Germany). The recombination-mediated cassette exchange ES cell line (derived from mouse strain C57BL/6-Gt(ROSA)26S or tm596Arte) is grown on a mitotically inactivated feeder layer composed of mouse embryonic fibroblasts in DMEM high glucose medium containing 20% FBS and 1200 g/ml leukemia inhibitory factor (Millipore). For manipulation, 2 ϫ 10 5 ES cells were plated on 3.5-cm dishes in 2 ml of medium. For the HTT Q148 cassette exchange, FuGENE 6 reagent (3 l, Roche Applied Science) was mixed with serum-free medium (100 l of OptiMEM I with GlutaMAX I; Invitrogen) and incubated for 5 min at room temperature. FuGENE/OptiMEM solution (100 l) was added to the DNA mixture containing circular cassette vector (2 g) and CAGGS-Flp plasmid to drive the targeted recombination (2 g). This transfection complex was incubated for 20 min at room temperature and then added dropwise to the cells. From day 2 onward, the medium was replaced daily with medium containing 250 g/ml G418 (Geneticin, Invitrogen). Seven days later, single clones were isolated, expanded, and analyzed by Southern blotting according to standard procedures. After administration of hormones, superovulated BALB/c female mice were mated with BALB/c males. Blastocysts were isolated from the uterus at 3.5 d post-coitum. For microinjection, blastocysts were placed in a drop of DMEM with 15% FCS under mineral oil. A flat tip, piezo-actuated microinjection pipette with an internal diameter of 12-15 m was used to inject 10 -15 targeted C57BL/6 N.tac ES cells into each blastocyst. After recovery, eight injected blastocysts were transferred to each uterine horn at 2.5 days post-coitum in pseudopregnant NMRI females. Chimerism was measured in chimeras (G0) by coat color contribution of ES cells to the BALB/c host (black/white). Highly chimeric mice were bred to strain C57BL/6 females. The C57BL/6 mating partners are nonmutant or mutant for the presence of a recombinase gene. Germ line transmission was identified by the presence of black, strain C57BL/6, offspring (G1).
PCR Genotyping for Transgenic Mice-The Buck Institute for Research on Aging animal facility is an AAALAC international accredited institution (Unit Number 001070). All procedures were approved by the Institutional Animal and Use Committee (A4213-01). Mice were genotyped by PCR analysis with GoTaq Green (Promega). DNA extraction from isolated tail snips of 3-week-old mice was performed following the manufacturer's protocol (Qiagen, DNeasy Blood and Tissue kit). 10 pmol of PCR control (F, 5Ј-GAGACTCTGGCTACTCATCC-3Ј, and R, 5Ј-CCTTCAGCAAGAGCTGGGGA-3Ј) and sequence-specific primers (IDT) N171 (F, 5Ј-ACGCAGAGTCAGATGTC-AGG-3Ј, and R, 5Ј-CTGGATCTCGAGGCTG-ACG-3Ј), N536 (F, 5Ј-AGCAGCTCTGCCTTAACAGC-3Ј, and R, 5Ј-CTGGATCTCGAGGTCGACG-3Ј), N552 (F, 5Ј-GGATGAG-ATCAGTGGAGAGC-3Ј, and R, 5Ј-CTGGATCTCGAGGTC-GACG-3Ј), and N586 (F, 5Ј-GCAGCTCTGCCTTAACAGC-3Ј, and R, 5Ј-CTGGA-TCTCGAGGTCGACG-3Ј) were used to amplify genomic DNA (1 g). Cycle conditions were as follows: 95°C for 5 min, 35 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 1 min followed by a 10-min incubation at 72°C. N463-Q148 mice were analyzed with 5 pmol of PCR control primer (F, 5Ј-GTGGCACGGAACTTCTAGTC-3Ј, and R, 5Ј-CTTGTC-AAGTAGCAGGAAGA-3Ј) and 200 pmol of sequence-specific primer (F, 5Ј-AGCCTGAAAGGCAGCTTCG-3Ј, and R, 5Ј-CTGGATCTCGAGGTCGACG-3Ј). Cycle conditions were as follows: 95°C for 5 min, 35 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min followed by a 10-min incubation at 72°C. Positive mice yielded reaction products of the following lengths: N463-Q148, control ϭ 357 and positive ϭ 428; N536-Q148, control ϭ 585 and positive ϭ 248; N552-Q148, control ϭ 585 and positive ϭ 267; and N586-Q148, control ϭ 585 and positive ϭ 397.
Rotarod-A rotarod device was used to evaluate motor coordination (Mouse Rota-Rod Ugo Basile) during the light cycle. Each group consisted of at least n ϭ 5-16 animals (smaller n at 6 months of age) and were tested for rotarod performance in a longitudinal fashion every 28 days for 3 days in a row starting at 4 months of age. Each measurement consisted of training and trial portions (three trials per day at 6 min). The training and each trial session were separated by at least a 30-min resting time interval. During the training session, mice were accus-tomed to the device for 5 min at a constant speed (4 rpm). For each trial session, the rotarod device was set to increase from 4 to 40 rpm during a 6-min period. The latency to fall from the apparatus was recorded, and the average from all three trials was used to evaluate motor coordination.
Open Field Measurements-Recording of 22 parameters during the open-field test in the floor and vertical plane was monitored to evaluate spontaneous locomotor activity. Animals, n ϭ 5-16, were tested at 14 weeks for 30 min during the dark cycle. Each mouse was individually placed in the center of a square chamber (dimensions: 26 inches deep ϫ 25 inches high ϫ 26 inches wide) equipped with infrared photobeam sensors (E-63-12, Coulbourn Instruments, Whitehall, PA) and a camera coupled to TruScan99 software (Version 2.02, Coulbourn Instruments).
Survival Curve-Survival was monitored daily for each transgenic mouse in this study. Survival data were analyzed using Kaplan-Meier survival curves (N171-Q148, n ϭ 158; N463-Q148, n ϭ 104; N536-Q148, n ϭ 72; N552-Q148, n ϭ 96; and N586-Q148, n ϭ 93 per group). The mean survival time was tested for significance by two-way ANOVA.
Statistical Comparisons-Statistical significances for rotarod, open field, and weight between the different groups were performed by two-way ANOVA Graphpad Prism software (La Jolla, CA), and comparisons were significant as follows: *, p Ͻ 0.05; **, p Ͻ 0.005; ***, p Ͻ 0.001, and ****, p Ͻ 0.0005.
Tissue Isolation and Homogenization-Mice were anesthetized with isoflurane (Butler Schein) prior to cervical dislocation. Whole brain was dissected in an adult brain matrix with 1-mm coronal section slice intervals at 4°C. Slices were used to microdissect cortical and striatal regions spanning the rostral to the caudal portions of the brain. Samples were stored immediately at Ϫ80°C until tissue homogenization. TPER (10 ml, Thermo Scientific) supplemented with protease inhibitors (Roche Applied Science, 1 tablet/10 ml, Complete Mini, EDTAfree), DNase (1 l, Invitrogen), MgCl 2 (1.2 mM, Fluka), epoxomycin (1 M, Sigma), phosphatase inhibitor mixture II (100 l, Calbiochem PPI II), trichostatin A (50 M Sigma), nicotinamide (30 mM, Sigma), and sodium butyrate (30 M, Sigma) were used for lysis. Cortical samples were resuspended at a ratio of 5 ml/g (volume of tissue protein extraction reagent (TPER, Thermo Scientific, catalog no. 78510) buffer, ml/weight of tissue/g) and striatal samples at 10 ml/g. A 2-ml Dounce homogenizer was used for tissue lysis on ice (2 ϫ 60 pumps with a 30-s interval). Samples were stored at Ϫ80°C prior to sonication. Tissue lysates were sonicated with continuous 40 mA pulses for 5 s five times on ice. Sonicated samples were centrifuged at 12,000 ϫ g at 4°C for 20 min. Supernatant was collected for Western blot analysis.
Western Blotting for HD Transgenic Mice-Cortical and striatal lysate protein concentrations were determined by BCA protein assay (Thermo Scientific). Lysates (40 g) were prepared in 1ϫ LDS buffer (Invitrogen) and 0.05 M DTT. Samples were boiled for 10 min at 100°C and separated by one-dimensional SDS-PAGE on a 4 -12% BisTris gel (Invitrogen) utilizing the Invitrogen Novex gel running apparatus at 200 V for 1 h in MES running buffer (Invitrogen) on ice. Overnight transfer was performed at 20 V constant for 14 h onto a 0.45-m nitrocel-lulose membrane (Whatman) in NuPAGE transfer buffer (Invitrogen) at 4°C. For smaller molecular weight fragments of HTT, a 12% BisTris gel was used at 200 V for 50 min in MOPS running buffer (Invitrogen). Transfer was performed at 350 mA constant for 1 h in transfer buffer (Invitrogen) with 10% methanol onto a 0.2-m PVDF membrane (Millipore). After blocking in 5% milk in TBST, primary antibody (Millipore, MAB2166, 1:1000; MAB5374, EM48, 1:500; MAB5492(1-82), 1:100; MAB5490(115-129), 1:500; Sigma HTT N terminus (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) , H7540, 1:200; polyQ 1C2, MAB1574, 1:1000; or Fitzgerald GAPDH 10R-G109A, 1:5000) was incubated overnight at 4°C. Membranes were incubated with secondary HRP-coupled antibodies (1:3000, GE Healthcare) at room temperature for 1 h in blocking solution. Protein bands were detected by chemiluminescence (Pierce ECL Thermo Scientific, catalog no. 32106). ImageQuant TL (version 2005, Amersham Biosciences) was used for densitometry analysis.
IHC Staining of HD Mouse Brains-Paraffin-embedded coronal mouse brain sections from HD and wild-type mice were stained using the following immunohistochemistry methods. Sections were deparaffinized by soaking in xylene (2 times for 7 min each), rehydrated in ethanol (4 min with 100% EtOH, 4 min with 95% EtOH, 4 min with 80% EtOH, and 4 min with 70% EtOH), and rinsed in H 2 O. Sections were washed in TBS for 10 min. Antigen retrieval was performed by microwaving sections in 10 mM citrate buffer for 5 min at 40% power in an 1100-watt microwave oven. Sections were allowed to cool for 20 min and then washed once in TBS for 10 min. Sections were blocked for 1 h at room temperature in 10% normal goat serum diluted in TBS in a humidified chamber. Chicken anti-mouse IgG was added at 1:500 dilutions to the blocking buffer to allow for future probing with a primary mouse antibody on mouse tissue. After blocking, primary antibody was diluted in 1% BSA in TBS, and sections were incubated overnight at 4°C in a humidified chamber. The following day, sections were washed in TBS three times for 10 min. Secondary antibodies were diluted in 1% BSA in TBS, and sections were incubated in secondary for 1 h at room temperature in the dark. Sections were then washed three times for 10 min in TBS and then allowed to air-dry for 10 min in the dark. Sections were mounted using ProlongGold and allowed to set overnight in the dark. For IHC staining of HD and wild-type mouse brains, the following primary antibodies were used: mouse ␣-EM48 (Millipore, MAB5374, 1:50) and rabbit ␣-DARPP-32 (Abcam, ab40801, 1:50). Alexa-fluor goat ␣-rabbit 555 and goat ␣-mouse 488 secondary antibodies (1:1000) were used.
FRET Analysis of HD Transgenic Mice-For TR-FRET analysis, tissue was lysed in PBS (Cellgro) supplemented with protease inhibitors (Roche Applied Science, 1 tablet/10 ml, Complete Mini, EDTA-free), phosSTOP (Roche Applied Science, 1 tablet/10 ml, phosphatase inhibitor mixture), and 1% Triton. Samples were lysed in a ratio of 10 ml/g. A 2-ml Dounce homogenizer was used for tissue lysis on ice (2 ϫ 60 pumps with a 30-s interval). Samples were stored at Ϫ80°C prior to sonication. Tissue lysates were sonicated with continuous 40 mA pulses for 5 s five times on ice and stored at Ϫ80°C. Measurements were made as described previously (20, 44 -46) .
Coimmunoprecipitation with C-terminal HTT Antibody-C-terminal antibody was produced at Open Biosystems (Thermo Fisher) using the following HTT C-terminal peptide sequence: NH 2 -SPYHRLLTCLRNVHKVTTCKHL to immunize rabbits. The peptide sequence is against human HTT: NH 2 -SPYHRLLTCLRNVHKVTTCKHL. The mouse sequence is highly similar, containing two distinct amino acids (Thr to Ala and Arg to Gln) in the middle of the peptide. SPYHRLLA-CLQNVHKVTTC. Two rabbit polyclonal C-terminal antibodies generated from this peptide cross-react with mouse HTT by Western blot and pull down the full-length protein. The resulting polyclonal antibody was purified using a peptide column. Coimmunoprecipitation (coIP) of the FL-HTT was carried out with cortical lysates (500 g, see above for lysis conditions) with purified antibody (4 g). Samples were incubated with antibody at 4°C overnight followed by 120 min binding with protein G-Sepharose (30 l, GE Healthcare). Samples were eluted by boiling in 2ϫ LDS loading buffer (30 l, Life Technologies, Inc.).
Preparation of Protein Complexes for Mass Spectrometry-HTT MAB2166 (25 l) or control preimmune mouse IgG (25 g, Santa Cruz Biotechnology) was cross-linked to the fast flow protein G-Sepharose beads (50 l, GE Healthcare). Beads were equilibrated in PBS (Corning) and incubated with the appropriate antibody overnight at 4°C. Beads were washed twice with PBS, 550 mM NaCl to remove nonspecific proteins and washed with PBS to remove excess NaCl. Beads were then cross-linked in a 1:1 mixture of 0.1 M triethylamine, pH 9, in PBS, fresh dimethyl pimelimidate (13 mg/ml, Pierce) dissolved in anhydrous DMSO (Sigma) (pH of final mixture is ϳ8.5) for 30 min at room temperature. This procedure was repeated for a total of three 30-min cross-linking reactions. The final cross-linking reaction was quenched with 50 mM ethanolamine, and the beads were washed three times in PBS. For coIP experiments, cortical lysates (1 mg) from three 4.5-month-old N552-Q148 and N586 -148Q mice were processed in TPER (Pierce) with inhibitors (as in Western protocol) at a final concentration of 2.5 g/l (400 l total volume). Samples were spun at 16,000 ϫ g for 10 min (4°C), precleared with purified mouse preimmune IgG (25 g, Santa Cruz Biotechnology), and rotated 1 h (4°C) followed by 3 h of incubation with protein G (50 l, GE Healthcare) to remove IgG. Precleared samples were then incubated with cross-linked antibody/protein G beads overnight (4°C). Samples were washed three times for 15 min in TPER and inhibitors and then twice at 15 min in PBS (4°C). Samples were eluted in 1ϫ SDS LB (Life Technologies, Inc.) or Tris, 0.5% SDS and subjected to either in-gel or in-solution digestion prior to mass spectrometry.
In-gel digestion was performed. Immunoprecipitated samples from cortex were boiled in LDS loading buffer with 0.05 M DTT and separated by SDS-PAGE on 4 -12% NuPAGE gels (Life Technologies) in 1ϫ MES for 10 min. Samples were stained with Sypro Ruby (Life Technologies, Inc.), and two slices covering all proteins were excised and digested by in-gel digestion (34) . Briefly, gel slices were heated in 50 mM DTT at 55°C for 30 min, followed by alkylation with iodoacetamide (50 mM) at room temperature in the dark for 45 min. Samples were then digested overnight with 200 ng of trypsin (Promega). In parallel, in-solution digestion was performed as follows. Samples were boiled in 10 mM DTT at 55°C for 30 min followed by alkylation with 50 mM iodoacetamide in the dark for 45 min. Detergent was then removed from samples using the Filteraided Sample Prep protocol (47) . Samples were placed in a 30-kDa cutoff spin filters (Vivicon) and diluted with freshly prepared 8 M urea, 100 mM Tris, pH 7.5. Samples were spun at 18°C for 30 min. Samples were then washed three times in 8 M urea, 100 mM Tris, pH 7.5 (400 l), to ensure complete removal of SDS from the sample. Finally, samples were washed twice in 25 mM ammonium bicarbonate and digested with 200 ng of trypsin in 25 mM ammonium bicarbonate, 10% acetonitrile for 18 h at 37°C. Digested peptides were eluted in 10% acetonitrile/ ammonium bicarbonate. Samples were desalted with a C18 Zip Tip (Millipore).
Mass Spectrometry, Acquisition, and Database Searches-Samples were analyzed by reverse-phase HPLC-ESI-MS/MS using an Eksigent Ultra Plus nano-LC two-dimensional HPLC system (Dublin, CA), which was directly connected to a new generation quadrupole time-of-flight TripleTOF 5600 mass spectrometer (SCIEX, Concord, Canada) as described previously (48) . Briefly, after injection, peptide mixtures were transferred onto the analytical C18-nanocapillary HPLC column (C18 Acclaim PepMap100, 75-m inner diameter ϫ 15 cm, 3-m particle size, 100 Å pore size, Dionex, Sunnyvale, CA) and eluted at a flow rate of 300 nl/min using the following gradient: 3% solvent B in A (from 0 to 13 min); 3-7% solvent B in A (from 13 to 16 min); 7-25% solvent B in A (from 16 to 48 min); 25-40% solvent B in A (from 48 to 65 min); 40 -90% solvent B in A (from 65 to 75 min); and 90% solvent B in A (from 75 to 85 min), with a total run time of 120 min, including mobile phase equilibration. Solvents were prepared as follows: mobile phase A: 2% acetonitrile, 98% of 0.1% formic acid (v/v) in water; mobile phase B: 98% acetonitrile, 2% of 0.1% formic acid (v/v) in water. Mass spectra and tandem mass spectra were recorded in positive ion and "high sensitivity" mode with a resolution of ϳ35,000 full-width half-maximum. In data-dependent acquisition mode, 1 MS1 survey scan (m/z 400 -1500) was followed by 30 MS/MS scans per 1.8-s acquisition cycle. Additional data sets were recorded in data-independent mode using SWATH-MS2 acquisitions. In the SWATH-MS2 acquisition, a wider window of 25 m/z was passed in incremental steps over the mass range from m/z 400 to 1000. Mass spectrometric data were searched using the database search engine ProteinPilot (49) (SCIEX Beta 4.0) with the Paragon algorithm (4.0.0.0, 148083). The search parameters were set as follows: trypsin digestion, cysteine alkylation set to iodoacetamide, trypsin specificity, and species Mus musculus. All data files were searched using the SwissProt 2011_08 database) with 16,671 M. musculus protein sequences. For database searches, a cutoff peptide confidence value of 95 was chosen. For database searches, the Protein Pilot false discovery rate analysis tool (PSPEP) algorithm (49) provided a global false discovery rate of Յ1% in all cases. A peptide confidence value of 95 was chosen as a cutoff.
Quantification by Mass Spectrometry-Protein abundances of interacting proteins from HTT coIP experiments (in-solution digestion) were quantitatively compared specifically between the N552-Q148 and N586-Q148 transgenic mice and the wild-type littermate mouse using a Skyline MS1 Filtering approach as reported recently (48) . Quantitative data for each of the mice was obtained using three technical (MS acquisition) replicates. Briefly, the search results from data-dependent searches were used to build peptide libraries in Skyline 2.5 (48) . Peptide peaks were identified and confirmed by cross-referencing retention time, mass error, and comparison of MS2 scan profile. Quantitative analysis was based on extracted ion chromatograms and the resulting precursor ion peak areas for M, M ϩ 1, and M ϩ 2 for all peptides; the final quantitative measurements were typically based on the highest ranked (naturally most abundant) precursor ion. Peptide peak areas were integrated in Skyline with results exported to Excel. For proteins with multiple peptides, peak area measurements of separate peptides were summed. Not all peptides linked to a protein were chosen for quantitation; some peptides were excluded due to ragged ends or artificial modifications likely introduced during sample workup, such as methionine oxidation. In general, the proteins were quantified using at least three nonredundant peptides if available. HTT was quantified using 13 distinct tryptic peptides, and HSP86 was quantified using measurements from the three peptides also not present in HSP84. Statistical significance was assessed using Student's t test to test for significant differences between N552-Q148 IP samples and N586-Q148 IP samples. For the purpose of graphing, peak area data were normalized to the N552 IP sample for a consistent scale of the y axis.
Two-dimensional Blue Native/SDS-PAGE-Dissected tissues from transgenic mice were processed in TPER with inhibitors for use in BN-PAGE analysis as described above. Lysates (50 g) were diluted to a final volume of 10 l in H 2 O, 5ϫ loading buffer (2 l, 50% glycerol in TPER, 0.5% Coomassie Blue G-250), 5% digitonin (4 l, Life Technologies, Inc.). Samples were mixed and spun at 4°C and incubated on ice for 1-2 h. Samples were spun at 16,000 ϫ g for 1 h prior to loading of the supernatant on BN-PAGE gels. Native-PAGE (Invitrogen) 3-12% gels (1.0 mm) were pre-run for 5 min with Anode buffer (400 ml, 1.1ϫ Native-PAGE (Invitrogen), 0.1% Triton X-100) in the outer chamber and Cathode buffer (200 ml, 1.1 Native-PAGE (Invitrogen) buffer, 0.1% Triton X-100, 1.1ϫ Cathode Additive (Invitrogen)) in the inner chamber. Samples were run at 150 V on ice for 45 min. Cathode buffer was then removed and replaced with Anode buffer. Samples were run at 250 V for 45 min or until low current Ͻ3 mA caused the power supply to shut down. After BN-PAGE was complete, the ladder was fixed in 50% methanol and 7% acetic acid and stained in Simply Safe stain (Invitrogen). Whole BN-PAGE lanes were excised, placed on thin clear plastic supports, and heated in 1% SDS, 50 mM Tris, pH 7.5, and 10 mM DTT at 65°C for 15 min. After boiling, gel slices were placed into 1.5 mM NuPAGE 4 -12% two-dimensional gels, and NuPAGE ladder was placed in the ladder lane. Samples were separated at 200 V on ice in MES buffer for 1 h. Gels were transferred overnight in NuPAGE transfer buffer at 20 V for 14 h, blocked in milk (5%, TBST), and analyzed by Western blotting with MAB2166 (Chemicon, 1:1000) as the primary antibody, followed by anti-mouse HRP secondary (GE Healthcare, 1:3000). Pierce Femto ECL was used for detection of HTT protein.
coIP/Western Blot for HSP86 -Mouse cortical lysates were generated from 4.5-to 5-month-old mice (n ϭ 3) as described above. Fresh aliquots were used to prepare 500 g of lysate in 250 l of MPER plus inhibitors for pulldown. Lysates were precleared with Sepharose beads for 1 h. Sepharose beads (25 l, GE Healthcare) for IP were blocked with 3% BSA in PBS for 1 h followed by washing and incubation with either MAB2166 (5 l) or preimmune mouse IgG (5 l). The resulting beads were then added to 500 g of precleared lysate and incubated on a rotator at 4°C overnight. Samples were then washed twice for 1 h with MPER buffer (500 l), 3% BSA for 1 h with PBS/Triton X-100 and 3% BSA and once for 15 min with MPER. Beads were boiled for 15 min in 2ϫ LDS sample buffer, 50 mM DTT and stored at Ϫ80°C prior to Western blot analysis.
Control samples were loaded such that an equal percentage (30%) of IP was present in the gel. The coIP samples were adjusted to load equal amounts of FL-HTT per well. Samples were run for 1 h at 200 V on a 10-well 4 -12% NuPAGE BisTris gel with MES buffer followed by a 14-h transfer at 20 V at 4°C. Samples were probed overnight for HSP86 (Affinity Bio-Reagents, PA3-013, 1:1000), anti-rabbit secondary (Amersham Biosciences, 1:3000), and detected with femto-ECL (Pierce). Blots were then stripped and reprobed for HTT using MAB2166 (1:1000).
Human brain (striatal, HD grade 3 and control) lysates were processed in TPER plus inhibitors as above. Aliquots were used to prepare 500 g of lysate in 1000 l of TPER plus inhibitors for pulldown. Lysates were precleared with protein G-Sepharose beads for 1 h. Sepharose beads (25 l GE; Healthcare) for IP were blocked with 3% BSA in TPER for 1 h followed by washing and incubation with MAB2166 (5 l) followed by two washes in PBS, 350 mM NaCl and one wash TPER with inhibitors. The resulting beads were then added to 500 g of precleared lysate and incubated on a rotator at 4°C overnight. Samples were then washed three times for 1 h with TPER buffer (500 l) and on time for 15 min with TPER. Beads were boiled for 15 min in 2ϫ LDS sample buffer, 50 mM DTT and stored at Ϫ80°C prior to Western blot analysis. Western blot was performed as described above.
Caspase Activity Assay-Mouse Hdh Q7/Q7 striatal cells (2 ϫ 10 6 ) were electroporated with a total of 6.5 g of DNA (0.5 g of GFP, 2 g of pTet-tetracycline transactivator, 2 g of HTT fragment or pCDNA3.1, and 2 g of pCDNA3.1 or HSP86 cDNA) in an Amaxa nucleofector using program T-030. Cells were harvested with trypsin for 5 min, pelleted for 5 min at 1000 ϫ g, and resuspended at 2 ϫ 10 7 cells/ml in 5 mM KCl, 15 mM MgCl 2 , 15 mM HEPES, 150 mM Na 2 HPO 4 ⅐NaH 2 PO 4 , 50 mM mannitol, pH 7.2. 100 l of cell/DNA suspension was electroporated followed by recovery in RPMI 1640 medium, 10% FBS for 30 min. Recovered cells were plated on 6-and 12-well plates (400,000/well and 200,000/well, respectively). 6-well plates were used for Western analysis and were harvested at 72 h post-electroporation. At 24 h, 12-well plates were washed with PBS and treated with serum-free DMEM for 48 h. Cells were harvested by adding 1 volume of APO3/7 lysis buffer to the wells followed by scraping. Caspase-3/7 activity was assessed with using the caspase-3/7 HTS Z-DEVD kit (Cell Technology, Inc.). Briefly, three technical replicates of each biological replicate were assessed by loading 100 l of lysate per well in a black-walled 96-well plate. Two 20-l aliquots were removed for protein quantitation by BCA assay. 37.5 mM DTT (40 l) and 2.5ϫ Z-DEVD substrate were added for a final concentration of 1ϫ Z-DEVD and 15 mM DTT. Plates were assayed on a fluorescent plate reader at 37°C. Caspase-3/7 activity was assessed by subtracting the final signal from the initial signal, normalizing to protein content and divided by the elapsed assay time. This yielded the caspase-3/7 activity in relative fluorescence units/g/min. Technical replicates of each biological replicate were averaged to obtain a mean activity for each biological replicate. Significance was assessed by ANOVA using Bonferroni's post test of indicated pairs in Prism. Samples from 6-well plates were assessed for electroporation efficiency by Western blot analysis. Protein (25 g) was run on a 4 -12% BisTris gel in MES buffer followed by a 14-h transfer at 20 V at 4°C. Samples were probed for HTT (MAB2166, 1:1000) and rabbit ␤-actin (Cell Signaling, catalog no. 4968S, 1:500).
TUNEL Assay-Mouse Hdh Q7/Q7 and Hdh Q111/Q111 striatal cells were transfected with Amaxa Cell Line Nucleofection Kit L (Lonza) with siRNA against HSP86 (Dharmacon, GE Healthcare, M-055680-01-0005) or nontargeting siRNA. 4 g of siRNA along with 0.5 g of pEGFP-N1 was transfected in 2.5 ϫ 10 6 cells with program T-030. Cells were plated on 24-well plates containing glass coverslips coated in collagen or 6-well plates for Western blot. Cells were cultured in serum for 72 h before fixation in 4% paraformaldehyde for 20 min at room temperature. TUNEL assay was done with CLICK-iT TUNEL Alexa Kit (Life Technologies, Inc.) following the manufacturer's instructions. Briefly, fixed cells were permeabilized with 0.25% Triton X-100 for 20 min at room temperature and equilibrated with terminal deoxynucleotidyltransferase reaction buffer for 10 min at room temperature. Terminal deoxynucleotidyltransferase reaction mixture consisting of buffer, EdUTP, and terminal deoxynucleotidyltransferase was applied to cells followed by 1 h of incubation at 37°C. The CLICK-iT reaction was then performed by adding CLICK-iT reaction mixtures (buffer and buffer additive) to cells and incubating at room temperature for 30 min. After washing, coverslips were mounted on slides with ProLong Gold with DAPI (Life Technologies, Inc.). Striatal cells were harvested in MPER protein extraction buffer (Thermo) containing inhibitors 72 h post-electroporation and analyzed by Western blot. 25 g of protein was loaded on NuPAGE 4 -12% gels (Life Technologies, Inc.) and separated in MES (Life Technologies, Inc.) running buffer at 200 V for 1 h. Protein was transferred to nitrocellulose membranes (GE Healthcare) via overnight wet transfer (20 V, 14 h). Membranes were then blocked in 5% milk in TBST and probed with anti-HSP86, rabbit ␤-actin (Cell Signaling, catalog no. 4968S, 1:500) and anti-HTT MAB2166 (1:1000.) All primary antibodies were detected with 1:5000 dilutions of anti-rabbit or anti-mouse HRP conjugated secondary (GE Healthcare).
293F Cell Culture and Lipofection-293F cells were cultured in DMEM, 10% FBS, penicillin-streptomycin (10 IU, 10 g/ml) and transfected with LF2000 (3 l, Life Technologies, Inc., 1.5 g of DNA). For HSP90 inhibition, cells received 1.5 g of HTT cDNA, 0.1 g of GFP for HSP86 overexpression, and cells received 0.5 g of HTT cDNA, 1 g of HSP86 or empty pcDNA3.1 vector, and 0.1 g of GFP. Cells were cultured for 72 h prior to harvest with MPER with protease inhibitor (Roche Applied Science). HSP90 inhibition was performed at 48 h posttransfection, when cells were treated for 24 h with 500 nM 17-DMAG (Invitrogen) or DMSO vehicle alone. Samples were assessed by Western blot analysis. All experiments were performed in triplicate. Protein samples (25 g) were run on a 4 -12% BisTris gel in MES buffer followed by 14-h wet transfer at 20 V at 4°C. Samples were probed with antibody top HTT (MAB2166), HSP86, and rabbit ␤-actin (Cell Signaling, catalog no. 4968S, 1:500). Protein levels were measured by densitometry using ImageQuant TL software (GE Healthcare).
Results
Generation of ROSA26 HTTQ148 Fragment Mice-To characterize the contribution of individual N-terminal HTT fragments to neurodegeneration in HD, we generated transgenic mice that express defined human HTT fragments in a C57B6 background. We designed HTT truncation constructs representing proteolysis cleavage products of HTT (Fig. 1A) . HTT is cleaved by calpains-1 and -2 at amino acids 469 and 536, by caspase-2 at amino acid 552, and by caspase-6 at amino acid 586 (13, 18, 36) . A protein product at N586 exists in mouse and human post-mortem tissue; therefore, we include this fragment. In addition, there is evidence for proteolysis or aberrant splicing occurring for protein products ending at amino acid 171 or smaller (50 -52) . We attempted to generate N92-Q148 (exon 1), but the founder animals failed to survive until weaning. As shown in Fig. 1, B and C, all five mouse models contain a single integration at the ROSA26 locus, with the expression of the HTT fragments driven by the chicken ␤-actin promoter. We generated transgenic mouse models by knock-in of a single copy of the polyQ-expanded HTT fragments with 148 polyQ repeats at the ROSA26 locus using recombinase-mediated cassette exchange ensuring that positional effects and copy number do not affect expression (Fig. 1C ). The polyQ repeats were encoded by repeating mix of CAG/CAA triplets to stabilize the intergenerational and somatic polyQ size. Transgenic mice were produced from mESCs and characterized for HTT protein levels in regions of the brain. Modeling HD in mouse models requires a longer CAG repeat size than that found in humans (typically 38 -80) . Therefore, we used a polyQ of 148 repeats.
Expression Levels of the ROSA26 HTT148Q Fragment Mice-The expression of the individual HTT fragments of the ROSA26 HTTQ148 fragment mice was measured by Western blot analysis in the cortex and striatum at 4.5 months ( Fig. 2A) . HD transgenic mice expressing N-terminal HTT fragments ending at amino acids Ala-463, Ser-536, Asp-552, and Asp-586 are present at roughly proportional levels in cortex and striatum ( Fig. 2A) . Similar results were found in other regions of the brain. Expression of the fragment ending at Glu-171 was not detected, as it was not immunoreactive to the HTT antibody MAB2166. The migration of the fragment proteins are as predicted accounting for the slower migration of the HTT with a length of 148 polyQ. For quantitative analysis of soluble HTT fragment protein levels in the cortex and midbrain, we used a TR-FRET-based assay (20, 44 -46) . TR-FRET-based assays represent sensitive immunoassays to quantify proteins of interest and in our case use antibodies specific for different N-terminal HTT epitopes. Analysis of soluble HTT revealed similar HTT is cleaved by calpains-1 and -2 at amino acids 469 and 536, by caspase-2 at amino acid 552, and by caspase-6 at amino acid 586. B, design of HTT N-terminal fragment transgenic HD mouse models. mHTT N-terminal cleavage sites were modeled by engineering of a stop codon after the sites indicated, and these sites result in truncated protein fragments that are identical to caspase or calpain cleavage products with the exception of N463, which mimics cleavage site at an amino acid just before amino acid 469. Individual N-terminal fragment constructs in a donor vector flanked by Frt and F3 sites and engineered for recombinase-mediated cassette exchange in C57BL/6-Gt(ROSA)26Sortm596Arte mESCs are shown. C, schematic of the Flp recombinase-mediated cassette exchange in mESCs. Hygromycin resistant mESCs were transfected with recombinase and donor and selected for resistance to neomycin. Resulting clones were verified and used to generate chimeric mice with BALB/c embryos. Chimerism was assessed by coat color, and highly chimeric males were bred to C57BL/6 female mice to generate founders. Predicted average molecular masses of the fragments, calculated in the ExPASy Compute pI/Mw tool (81) are as follows: N171 Q145, 34.8 kDa; N463 Q145, 66.9 kDa; N536 Q145, 74.2 kDa; N552 Q145, 75.8 kDa; N586 Q145, 79.2 kDa. The fragments run higher than their calculated molecular masses as the expanded polyQ region reduces mobility in SDS-PAGE (82). JULY 31, 2015 • VOLUME 290 • NUMBER 31 JOURNAL OF BIOLOGICAL CHEMISTRY 19293 levels of soluble HTT fragments in the cortex and midbrain (Fig. 2, B and C) . We also measured insoluble HTT with TR-FRET at this same time point and found similar levels (data not shown). Littermate control lysates served as a negative control as the antibody MW1 recognizes only the transgene. Our results indicate that with the exception of N171 HQ0021 (HD_N171 (TT), N463 HQ0020 (HD_N463(TT)), N536 HQ0019 (HD_N536(TT)), N552 HQ0017 (HD_N552 (TT)), and N586 HQ0016 (HD_N586(TT)) expressed similar levels of protein. Thus, any differences in motor and behavioral deficits can be directly attributed to specific properties of the specific HTT fragment.
Huntingtin Caspase and Calpain Proteolysis
Life Span of the ROSA26 HTTQ148 Fragment Transgenic HD Mice-Transgenic HD mice expressing each of the five HTT N-terminal fragments die sooner than wild-type C57BL/6 littermate control mice (Fig. 3A) . The Jackson Laboratory reports median life span of the C57BL/6 mice as 767 days (53) . Mice expressing the smallest fragment, N171-Q148, live for a median period of 96 days and die significantly sooner than other fragment mice (****, p Ͻ 0.0001 in all pairwise comparisons). The N552-Q148 mice live for a median period of 204 days and die significantly sooner (p Ͻ 0.0001 in all pairwise comparisons) than the three other HD transgenics, N463-Q148 (median sur-vival ϭ 255 days), N536-Q148 (median survival ϭ 289 days), and N586-Q148 (median survival ϭ 277 days), which have roughly comparable life spans to each other (Fig. 3A ). All five transgenic mice have statistically distinct life spans (****, p Ͻ 0.0001). Therefore, the shortest lived N-terminal fragment HD mouse model is N171-Q148. Comparison of N463, N536, N552, and N586 indicates that the median life span of the caspase-2 transgenic mouse model, N552-Q148, is 10 weeks (26%) shorter than the caspase-6 transgenic mouse model N586-Q148, despite similar levels of HTT fragment protein present in the cortex, striatum, and midbrain of the two models.
Rotarod Evaluation of the ROSA26 HTTQ148 Fragment Mice-The CAG expansion in HTT leads to the primary deficits of motor dysfunction, combined with behavioral deficits in cognition and psychiatric conditions. Some aspects of this can be modeled in HD mouse models. To further characterize the N-terminal fragment mice, we measured rotarod performance of the N463-Q148, N536-Q148, N552-Q148, and N586-Q148 mice at 4 -6 months of age. As shown in Fig. 3B , the N552-Q148 HD transgenic mice have impaired rotarod performance compared with the other HD transgenic mice analyzed at 4 months of age (***, p Ͻ 0.001). At 6 months of age, the N552-Q148 performed poorly compared with N463-Q148, N536-Q148, and N586-Q148. However, the number of N552-Q148 mice surviving at 6 months of age limited the statistical significance at this time point. N171-Q148 mice were not included in these time points as they were not alive.
Open Field Activity of the ROSA26 HTT148Q Fragment Mice-Next, we assessed open field activity at 4 and 5 months of age measuring 22 variables in these assessments. Open field measures general activity, exploration, and anxiety (54) . The N-terminal HD transgenic mouse models displayed significantly reduced rearing at 4 and 5 months relative to C57BL/6 control mice as measured by the number of entries into the vertical plane, time spent in the vertical plane, and distance traveled in the vertical plane (not significant in N463-Q148, N536-Q148, and N586-Q148 mice at 4 months) lower relative to C57BL/6 mice in the open field at 4 months of age ( Fig. 4A ). N552-Q148 mice demonstrate both the greatest numerical and the most statistically significant reduction in rearing relative to C57BL/6 control mice at both 4 and 5 months; however, the differences relative to other fragment models do not reach statistical significance (Fig. 4A) . At 5 months, all four transgenic mouse models showed low levels of rearing relative to control mice (Fig. 4B ). We also assessed floor plane move time at 4 and 5 months of age. Although there was a slight trend toward reduced movement events, distance traveled, and time spent moving at 5 months, the only parameter that displayed a reduction relative to wild-type animals that reached statistical significance was the number of floor plan moves (N552-Q148, N586-Q148, and N536-Q148) at 5 months of age. As with other parameters, N552-Q148 mice displayed both the lowest number of floor plane moves and the highest statistical confidence relative to control animals at 5 months.
Pathological Analysis of ROSA26 HTT148Q Fragment Mice-Given the observed life span and motor phenotypes in the fragment mice, we set out to determine whether there is evidence of neuronal pathology in the mice (Fig. 5 ). Striatal lysates from B6, N463-Q148, N536-Q148, and N586-Q148 mice at 4 months were analyzed by Western blot analysis for loss of DARPP-32, a key marker of medium spiny neurons. In models of HD, the change in signaling for DARPP-32 occurs well before loss of neurons and therefore represents early events in neuronal dysregulation and dysfunction (55) (56) (57) (58) (59) (60) (61) (62) . DARPP-32 expression in the striatum of N552-Q148 mice was significantly reduced (p Ͻ 0.01) when compared with B6, N463-Q148, N536-Q148, and N586-Q148 mice (Fig. 5A) . IHC supports the Western-based quantitation showing reduced DARPP-32 levels in N552-Q148 mice when compared with N586-Q148 mice (Fig. 5B ). Another hallmark of neuronal pathology in HD is aggregation of mHTT protein and fragments. IHC analysis of N552-Q148 and N586-Q148 mice revealed aggregation of HTT in the striatum and cortex (Fig.   5C ). Aggregation was sparse in these fragment mice when compared with the exon 1 transgenic model R6/2 mice at 3 months of age.
Proteolysis of the Transgenic Rosa HTTQ148 Fragment Mice-There is growing evidence that protein products are generated from the HTT gene either by aberrant splicing or proteolysis after translation with protein products ending between amino acids 90 and 171 (19, 20, 51, 52, 63) . Taking advantage of the fact that the HTT cDNA generated to make these new models is not likely to be aberrantly spliced, we analyzed the role of proteolytic processing in these new transgenic mouse models of HD. Cortical lysates were analyzed by Western blot analysis to assess the presence of HTT fragments. As shown in Fig. 6A (2nd panel) , all five transgenic mice generate a protein product at 52 kDa detected by antibodies directed at the JULY 31, 2015 • VOLUME 290 • NUMBER 31
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polyQ and polyproline stretch, respectively (1C2, EM48), when compared with the B6 controls (Fig. 6, A and B) . This cleavage product is also detected by MAB5492 (HTT(1-82) ) and MAB5490 (HTT(115-129)) ( Fig. 6, A and B) . Therefore, an N-terminal fragment is produced by cleavage at an amino acid above the epitope ending at amino acid 129. The protein produced at 52 kDa does not appear to contain the N terminus as the protein is not detected by the HTT N-terminal antibody recognizing amino acids 3-17 of HTT (Fig. 6A, MAB5492 ) despite detection of the N terminus in the intact transgenic proteins. If the transgenic HD mouse models are subject to cleavage in a region of ϳ120 amino acids, then the correspond-ing protein products on the C-terminal end should be present (Fig. 6B, see fragments generated) . These fragments would have molecular weights corresponding to amino acids ϳ120 -463, ϳ120 -536, ϳ120 -552, and ϳ120 -586 ( Fig. 6B , denoted with a red *). These products are indeed detected with the HTT MAB 2166 antibody as shown in Fig. 6B . The exact mechanism behind the loss of the N terminus is unknown but could be the result of disease-associated proteolysis or other mechanisms (64, 65) . Fig. 6B schematic summarizes the protein products generated from the transgenic ROSA26 HTTQ148 fragment mice, what region the antibodies detect, and a putative map of the protein products observed. The amount of the 52-kDa product was similar in the different HD fragment mouse models and therefore is not likely to explain the differential phenotypes observed in these models. The 52-kDa product does accumulate with age, which is consistent with other studies (16) .
Molecular Mechanism for Accelerated Phenotype in N552-Q148 Transgenic Mice-We hypothesized that changes in protein interactions are responsible for differences in HTT fragment and behavioral phenotypes of the caspase-2 N552-Q148 mice. We focused on comparison of the N552-Q148 and N586-Q148 transgenic mice because although the observed differences in motor, life span, and behavioral phenotypes are distinct, they differ in length by only 34 amino acids and because they represent caspase cleavage products that have been implicated as highly significant in HD disease progression and pathology (5, 7, 9, 12) . To explore this hypothesis, interaction studies used two approaches, coIP of full-length HTT (FL-HTT) and two-dimensional BN-PAGE/SDS-PAGE. We reasoned that the differences observed in neurodegenerative phenotypes caused by different HTT fragments are due to differences in biochemical properties of these fragments. Specifically, we suspected that fragments displayed differential interaction or conformation with protein complexes containing endogenous FL-HTT. To characterize the properties of these fragments, we used a custom antibody against the C terminus of FL-HTT, an epitope that is absent in the fragments to coIP FL-HTT containing complexes from cortical lysates of 4.5month-old mice. coIP demonstrated that FL-HTT interacts with both HTT fragments (Fig. 7A) . However, despite similar levels of the fragments in lysates, HTT N552 interacts with FL-HTT complexes more robustly than HTT N586 at 4.5 months (Fig. 7A ). Control beads did not immunoprecipitate HTT.
A second method to measure incorporation of fragments into FL-HTT complexes, two-dimensional PAGE, was utilized to confirm distinct incorporation of fragments into FL-HTT complexes. In the first dimension, BN-PAGE was used to separate intact protein complexes by molecular weight (Fig. 7B ). For the second dimension, components of the complexes were separated by size using SDS-PAGE. This technique allows the measurement of fragment incorporation into protein complexes by Western blot analysis of the two-dimensional PAGE separated proteins. As was seen in the coIP with the C-terminal anti-HTT antibody, more HTT fragments are present in the large complex that contains FL-HTT in N552-Q148 mice as compared with N586-Q148 or C57BL/6 mice at 4.5 months (compare the amount of the 100-kDa fragment protein directly below the FL-HTT signal versus amount of 100-kDa protein to the right of the FL-HTT signal Fig. 7B ).
Mass Spectrometry Identifies HTT-interacting Proteins-Given the different interactions of the N552 and N586 with endogenous HTT, we set out to generate an interactome data set from the cerebral cortex of the N552-Q148 and N586-Q148 mice at 4.5 months, a time point when there is a substantial difference in physical interaction with endogenous HTT and a significant difference in symptoms of motor dysfunction between N552 and N586 mice. Three biological replicates of coIP and discovery mass spectrometry on cortical lysates from male mice were analyzed. coIP was performed with the HTT antibody MAB2166, which recognizes full-length and the N552 and N586 fragments of HTT. A mouse preimmune IgG was used as control for the coIP. coIP of HTT was confirmed by Western blotting in all three biological replicates prior to analysis on a SCIEX TripleTOF 5600 mass spectrometer after tryptic digestion. In both Western blot and mass spectrometry runs, HTT was only identified in the HTT MAB2166 antibody pulldowns and not IgG controls (Table 1) . Proteins with Ͼ2 peptides identified at 95% confidence in coIPs, with none identified in control IPs, were considered to be putative HTT-interacting proteins when identified in more than two samples. Using these criteria, 106 putative HTT-interacting proteins were identified. Proteins identified in four or more of the 12 mice analyzed were considered as strong HTT interaction candidates and are presented in Table 1 .
The majority of the proteins identified in our study have been published in previous HTT interaction data sets (22 of the 27, see Table 1 ). For example, a well characterized HTT interaction protein is F8l2, better known as HAP40 (Table 1 ) (66 -69). To determine whether there was a difference in interaction with the N552 and N586 fragments with the top 27 interacting proteins mass spectrometric, the MS1 chromatogram-based quantification of one biological replicate processed by in-so- In all cases endogenous mouse HTT is present in a complex of Ͼ750 kDa (horizontal arrows). All lysates, including wild-type, also contained small (ϳ100 kDa) fragments present in complexes smaller than 750 kDa (vertical arrows, white stars). In contrast with D586 and S536 mice, D552 mice display a series of ϳ100-kDa fragments present in complexes that are the same molecular mass as endogenous HTT and diminished native complex. Black * denotes a nonspecific protein.
lution digestion was carried out using MS1 filtering in Skyline 2.5 ( Fig. 8 and Table 1 ) (48) . Briefly, for the three injection replicates of each IP or control sample, extracted ion chromatograms from MS1 scan data of three isotopic (M, M ϩ 1, and M ϩ 2) forms of peptides identified in discovery experiments were imported into Skyline 2.5 and used for quantitation of peak area as a measure of peptide abundance. Peak areas were exported to Excel, and peak areas of multiple peptides constituting a protein were summed to give a measure of protein abundance.
TABLE 1 HTT interacting proteins identified by mass spectrometry
The coIP with MAB2166 and mIgG followed by mass spectrometry was performed using two methods (in-gel and in-solution) on a total of 12 mice. The coIP and control samples from N552 (n ϭ 3) and N586 (n ϭ 3) mice were analyzed after in-gel digestion. An additional N552 (n ϭ 2), N586 (n ϭ 2) and WT (n ϭ 2) mice were analyzed by in-solution digestion. Proteins were considered to be identified in samples if 2 or more peptides were identified at Ͼ95% confidence. Proteins identified only in IP samples are reported in this table. HTT protein was identified 6 of 6 CoIPs in both in-gel and in-solution samples and 0 of 6 control samples in both in-gel and in-solution digestion. For in-gel digestion a total of 68 proteins were identified exclusively in at least one CoIP sample, here we present four proteins that were identified in at least four CoIP samples with none identified in control samples. For in-solution digestion a total of 232 proteins were identified exclusively in at least one CoIP sample, here we present 30 proteins that were identified in at least four CoIP samples with none identified in control samples. These proteins were cross-referenced to published data sets from three other groups as follows: Shirasaki et al. (68) ; Culver et al. (69) ; and Kaltenbach et al. (66) . All but one have previously been reported as primary or secondary HTT interacting proteins. Proteins identified as secondary interactors are indicated as 2°. Finally, the proteins from one biological replicate (three injections) of the in-solution digestion were quantified by mass spectrometry in N552, N586 and a WT mouse using MS1 filtering in Skyline (48) to screen for proteins whose levels putatively differ between N552 and N586 mice. These levels were quantified by integration of the peak area of the identified peptides (number of peptides used for quantification is indicated). Peak areas were then summed and N552/N586 ratio, standard deviation, and p values were calculated. JULY 31, 2015 • VOLUME 290 • NUMBER 31
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The majority of the identified HTT-interacting proteins showed lower abundance in the N586 protein lysates when compared with the N552 protein lysates consistent with the N552 protein integration into the native HTT complex ( Fig.  7B ). Of the 27 interacting proteins, six showed a significant difference in levels between N552-Q148 and N586-Q148 IPs by t test, but only one showed a 2-fold difference in protein abundance between N552-Q148 and N586-Q148 mice ( Fig. 8 and Table 1 ). HSP86, which met both criteria, gave a 2.1-fold increase in N586 mice relative to N552-Q148 mice (Fig. 8, 2nd panel, left side).
HSP86 Interaction Is Altered in the N586 Mice-HSP86 (HSP90AA1) is an HSP90 family member that has been previ-ously shown to be an HTT-interacting protein (66 -69) . Further investigation using coIP followed by Western blot on separate mice (n ϭ 3 per condition) confirmed the interaction and identified an increase in the HSP86 interaction with HTT in the N586-Q148 mice relative to N552-Q148 (1.6-fold increase) and WT mice (littermate controls) ( Fig. 9, A and B) consistent with the mass spectrometry quantification (Fig. 8 ). These differences did not reach statistical significance by ANOVA for the West-FIGURE 8. MS1 filtering identifies candidate HTT interacting proteins with differential interaction between N552 and N586 mice. The coIP protein from mouse cortex was processed by in-solution digestion and analyzed by mass spectrometry using three injection replicates. HTT-interacting proteins identified in Table 1 were quantified using the MS1 filtering function in Skyline 2.5. Briefly, MS1 peaks for peptides of these proteins were identified and quantified. The resulting peptide measurements were summed. The six proteins whose levels significantly differed between N552 and N586 mice are presented here. HTT and HSP40 are presented as positive controls (Ctrl). The control is a sample under the IP conditions without primary antibody. Statistical significance is noted. FIGURE 9. HSP86 interacts with HTT. A, to further investigate the interaction between HSP86 and HTT, we performed coIP and Western blot on 4.5-monthold mice from WT, N552-Q148, and N586-Q148 backgrounds. The coIP with MAB2166 confirmed HTT and HSP86 specifically interact. B, analysis of the resulting HSP86 by densitometry showed an increase in HSP86 pulled down in N586-Q148 mice relative to wild-type mice when normalized to full-length HTT. p Ͻ 0.05 Student's t test but is not significant by ANOVA. The only other bands present in the gel image were due to IgG immunoreactivity. C, mouse results were confirmed by coIP of HTT from post-mortem human striatal tissue (HD grade 3 and nondisease control) using MAB2166 followed by Western blot of HSP86. ern blot. coIP of HSP86 upon pulldown of HTT was confirmed in human post-mortem brain tissue by IP with MAB2166 followed by Western blot. IP from tissue from an HD patient and an age-matched wild-type control brain confirms the protein interaction ( Fig. 8C) .
HSP86 Modifies HTT Fragment Levels in Cell Culture-Overexpression of HSP86 led to a larger-fold increase in N586 (2.6ϫ) relative to N552 (1.4ϫ) levels (Fig. 10A) . The levels of endogenous HTT were unchanged in this same experiment (Fig. 10B ). This same trend in levels of HTT fragments was found in the Hdh Q7/Q7 mouse striatal cell line, although it was nonsignificant in those cells (see below and Fig. 11B ) perhaps due to the lower transfection efficiency of the striatal cells. To understand how inhibition of HSP86 and its family members affects stability of HTT fragments, the pan-HSP90 inhibitor 17-DMAG was used. Inhibition of HSP90 family members, including HSP86, resulted in a significant reduction in the N552 and N586 protein levels as well as endogenous HTT (Fig. 10, C  and D) . Inhibition of HSP90 with 17-DMAG led to a similar overall reduction in both endogenous and HTT fragment levels (2.0-fold reduction in N552 and 2.4-fold reduction in N586; 1.9and 1.9-fold reduction of endogenous HTT in N552-and N586transfected cells, respectively). We found that 17-DMAG treatment of Hdh Q7/Q7 mouse striatal cells caused differentiation and therefore did not evaluate cytotoxicity under these conditions (data not shown).
HSP86 Modifies HTT Cytotoxicity in HD Mouse Striatal Cells-To determine whether the HTT-HSP86 interaction may contribute to the observed acceleration of the N552 relative to the N586 motor, life span, and behavioral phenotypes, a cellbased toxicity assay was used to assess caspase-3/7 activity in Hdh Q7/Q7 mouse striatal cells (Fig. 11A) . We have previously published that the caspase-3/7 activity in Hdh Q111/Q111 cells occurs after 24 h of serum withdrawal, whereas the cell death measured by Hoechst or other nuclear dyes is detectable after 48 h (8) . Therefore, the caspase activity precedes cell death but correlates with the induction. Hdh Q7/Q7 cells were electroporated with Htt143Q(1-552) or Htt144Q(1-586) constructs with either vector control or HSP86 cDNA. After culturing for 24 h, serum was withdrawn for 48 h. In agreement with our in vivo work, expression of the Htt143Q(1-552) protein displayed greater toxicity than the Htt144Q(1-586) protein (1.4-fold, Fig.  11A ). Transfection with HSP86 cDNA led a reduction of caspase-3/7 activity in both the Htt143Q(1-552)-and the Htt144Q(1-586)-transfected cells. Western blot demonstrated that the protein expression was equivalent for the fragments without HSP86 (Fig. 11B ). Rather than lowering HTT levels, cells transfected with HSP86 showed a trend toward increasing FIGURE 10 . HSP86 stabilizes HTT. A, 293T cells were cotransfected with HTT fragment cDNA and either empty vector or HSP86 cDNA. After 72 h, cells cotransfected with HSP86 expressed higher levels of the fragments as assessed by Western blot. Intriguingly, N586-transfected cells displayed a 2.6ϫ increase in fragment levels, and N552 transfected cells displayed a 1.4-fold increase. B, this increase in fragment levels did not occur with endogenous HTT in the same cells. C, inhibition of HSP90 by 17-DMAG leads to a significant decrease in HTT fragment levels. Cells were transfected and cultured for 48 h and then treated with pan-HSP90 inhibitor 17-DMAG (500 nM) or DMSO vehicle control for 24 h. The N552-transfected cells displayed a 2ϫ reduction in fragment levels upon HSP90 inhibition, and the N586 cells displayed a 2.4ϫ reduction upon HSP90 inhibition. D, inhibition of HSP90 by 17-DMAG leads to significant reduction of endogenous HTT in transfected 293T cells. Quantitation of endogenous HTT levels from cells treated in C is shown. In contrast with overexpression, transient inhibition of HSP90 is sufficient to reduce endogenous HTT by 2-fold. levels of HTT fragments (Fig. 11B ). This same effect was found in 293T cells, which were cotransfected with HSP86 and fragments. We also evaluated the effected of HSP86 siRNA knockdown (pool) on cellular toxicity of striatal Hdh Q7/Q7 and Hdh Q111/Q111 cells using a TUNEL assay in cultured cells under normal growth conditions (Fig. 11, C and D) . The knockdown of HSP86 increased TUNEL staining suggesting increased cytotoxicity. Knockdown of HSP86 was confirmed by Western blot analysis (Fig. 11D ).
Discussion
We set out to directly compare life span, rate of neurodegeneration, and behavioral phenotypes for a number of well characterized HTT proteolysis fragments identified in mouse models and HD post-mortem tissue (5-14, 16 -18, 20, 21, 36) . We used a novel approach in which we generated each mouse model with a single integration at the ROSA26 locus, with expression of the fragments driven by the chicken ␤-actin promoter at nearly identical levels and in identical genetic background B6. Although several proteases have been implicated in the formation of N-terminal fragments during pathogenesis and neurodegeneration in human HD patients and mouse models of HD, there is still controversy regarding the relative contributions of the proteases and their cleavage products to disease. Caspase-2 and -6 and calpains-1 and -2 have been shown to be activated in HD patients and to produce distinct N-terminal HTT cleavage products (5, 7, 13, 14, 18, 20, 25, 36) . Caspase-6, and by implication its product N586, was initially reported to be activated in mouse models and post-mortem tissue and to cause HD-like pathology in YAC128 mice (5, 12) . Genetic approaches making mouse models resistant to cleavage at caspase-3 and -2 suggested these sites were less significant to HD pathology and progression than the mouse model resistant to caspase-6 cleavage (12) . However, subsequent work in BAC Huntington disease mice suggested that caspase-6 knock out modified disease progression through alteration in HTT clearance pathways rather than blocking proteolysis of mutant HTT. These results may reflect compensatory pathways evoked by caspase-6 knock out during development (7) . By contrast knock of caspase-2 was shown to reduce behavioral deficits such as performance on the rotarod and forced swim test in YAC128 mice but failed to prevent the reductions in brain weight and changes in volume of subregions of the brain associated with HTT pathology in YAC128 mice (9) . The direct impact on HTT proteolysis at the caspase-2 site was not fully elucidated.
There do exist mouse models that express N93, N171, and N586 fragments in mice, all of which show deficits in survival and motor function (39, 42, 70) . However, differences in expression levels and site of integration and promoters make a direct comparison of the fragment models problematic. Because proteolysis can occur in a cascade, the generation of a particular fragment that is more toxic and generated after a particular initial cleavage event may not be generated at the same levels as other fragments. Therefore, abolition of cleavage sites does not directly compare the effect of fragments FIGURE 11 . HSP86 modifies the toxicity of HTT fragments. A, HSP86 overexpression protects against toxicity of HTT fragments in mouse Hdh Q7/Q7 striatal cells. To test the effect of altered HSP86-HTT interaction, we tested the ability of HSP86 to alter caspase-3/7 activity in cells overexpressing either N552 or N586 fragments of mHTT. Overexpression of HSP86 was generally protective and led to a significant reduction of caspase-3/7 activity in N552-and N586-expressing cells after 48 h of serum starvation and 72 h post-electroporation. B, Western analysis of cells used for caspase activity assays confirms HSP86 does not reduce toxicity by reducing fragment levels. C, mouse striatal Hdh Q7/Q7 and Hdh Q111/Q111 cells were transfected with siRNA to HSP86, and apoptosis was measured using TUNEL. Statistical significance was determined with ANOVA. D, Western blot analysis of mouse striatal cells Hdh Q7/Q7 and Hdh Q111/Q111 lysates confirm knockdown of HSP86.
expressed at equal levels of expression on neuropathology, behavior, biochemistry, and life span. To enable comparison of relative toxicity of fragments in vivo, we produced a series of mouse models harboring a single integration of various N-terminal fragments at the ROSA26 locus that express similar levels of these fragments. As a result, direct comparison of the relative toxicity of these fragments in vivo is possible. The most toxic of the fragments tested is N171, which reduces life span of the mice to 100 days. This life span phenotype is similar to that of R6/2 mice, which express exon 1 of HTT (40) , and it is similar to the phenotype of line 77 of the N171-82Q mice, which were initially reported to live for ϳ2.5 months (42) . By contrast, other FL-HTT mouse models live for nearly normal life spans and measurable behavioral deficits occur after 2-4 months of age (71) .
The four fragments that are produced by known proteases, N463 (calpains-1,2), N536 (calpains-1,2), N552 (caspase-2), and N586 (capase-6), all resulted in life spans that are shorter than is typical for C57BL/6 mice (JAX data), as well as deficits in motor performance measured by rotarod and exploratory rearing behavior in the open field test. Therefore, it is clear that all fragments tested are sufficient to cause neurodegeneration and disease progression in vivo. However, there are significant differences in life span and motor phenotypes between these mice. Mice expressing the caspase-2 fragment, N552-Q148, displayed a significantly reduced life span relative to the N463-Q148, N536-Q148, and N586-Q148 mice, as well as accelerated deficits in the motor behaviors mentioned above. Therefore, we conclude that the N552-Q148 fragment is inherently more toxic than the other three fragments studied, although less toxic than the N171-Q148 fragment.
We also evaluated the proteolysis of the N463-Q148, N536-Q148, N552-Q148, and N586-Q148 mice. We found they all generated similarly sized fragments with the prominent proteolysis product of 52-kDa. Notably, this fragment did not contain the N terminus perhaps suggesting further processing of the protein at both the C and N terminus of the protein. The putative protease of this fragment remains unknown; but recent work has identified the cause of the exon 1 fragment as an aberrant splicing event (19, 52) . However, it should be noted that our transgenic mouse models produce a product containing less than 120 amino acids; but as they are derived from cDNA, they do not contain the introns that could cause an aberrant splicing event. This may suggest that both proteolysis and aberrant splicing can produce smaller fragments (less than 120 amino acids). We did not detect differences in the levels of the 52-kDa fragment in the different calpain/caspase fragment models, and therefore, it is not likely that the accelerated phenotype of the N552-Q148 mice is a result of this smaller fragment. However, it is likely to contribute to disease progression of all the mice and increases in levels with age. Our studies do not address the cascade of proteolysis events that result in the formation of the fragments from full-length HTT protein. This could occur by cascade of sequential proteolytic events or simultaneously. It is noteworthy that each of caspase/calpain fragment models appeared to generate N-terminal fragments with the same pattern suggesting the same processing occurs across the models.
To understand the potential mechanisms for the accelerated phenotype of the N552-Q148 mice, we hypothesized that the protein may have a distinct HTT interaction network. Consistent with this, the N552-Q148 fragment physically interacts more readily with the FL-HTT than the N586-Q148 fragment mice at 4.5 months of age. Whether this interaction of fragments with the full-length protein is polyQ-dependent or -independent remains an open question. This interaction also correlated with a disruption of the native wild-type HTT complex as detected by two-dimensional BN-PAGE analysis. Additionally, IP of HTT in N586-Q148 mice shows a stronger physical interaction with the chaperone HSP86 relative to the wild-type or N552-Q148 mice. We have presented evidence that HSP86 overexpression can protect striatal cells overexpressing either N552 or N586 fragments; therefore, this increased interaction with the chaperone may be one mechanism by which cells protect against the detrimental effects of HTT N-terminal fragments and a mechanism that seems to be less effective in the N552-Q148 mice. Interestingly, the expression of the HSP86 affects the levels of overexpressed fragments and not the FL-HTT protein, suggesting selectivity in the HSP86 mechanism.
Identification of HSP86 as a protective factor in the N586 fragment-expressing mice points to a novel target in HD. Previous studies have tested inhibitors of HSP90 in R6/2 mice, based on the ability of these inhibitors to reduce mutant HTT protein. However, these studies failed to identify a long term benefit of HSP90 inhibition (72) . We propose that although HSP86 is capable of stabilizing soluble HTT, it is capable of maintaining it in a form that is less detrimental than the form that the protein takes in its absence. This is likely due to a unique conformation of the N552-Q148 protein. In a related neurodegenerative disease, Parkinson disease, HSP90 has been shown to prevent the aggregation of the pathological ␣-synuclein A53T, and this is accomplished by forming a strong complex with the transiently populated oligomeric ␣-synuclein A53T species (73) . HSP90 family members have a limited number of client proteins, which they are capable of stabilizing. Inhibition of HSP90 leads to loss of this chaperone function, turnover of clients, and up-regulation of other heat shock proteins such as HSP70 via HSF1 activation (74) . Both wild-type and mutant HTT are clients of HSP86, and it has been proposed as a target to reduce mutant HTT levels in vivo. Our results may aid in explaining these observations. Although inhibition of HSP90 leads to rapid and significant reduction of overall HTT levels, HSP86 seems to be sufficient to significantly reduce the toxicity of mutant HTT fragments even as it increases levels assessed by Western blot. This may indicate the HTT fragments are misfolded, but not the FL-HTT, because the overexpression of HSP86 appears to effect the levels of fragments and not the FL-HTT. Given the paradoxical lack of increase in FL-HTT levels after transient HSP86 overexpression and strong reduction in FL-HTT upon 24 h inhibition with 17-DMAG, we propose that HSP90 proteins are actively interacting with HTT and is necessary to maintain its stability, such that loss of this chaperone activity is sufficient to reduce protein levels by 2-fold in 24 h. Consistent with our studies, inhibition of HSP90 reduces full-length mutant HTT levels in Hdh Q111/Q111 striatal cells by a similar amount (75) .
In conclusion, we found the transgenic mice N171-Q148 and N552-Q148 display a significantly accelerated phenotype and shortened life span when compared with N463-Q148, N536-Q148, and N586-Q148 transgenic mice. We found that the accelerated phenotype was due to an altered HTT protein interactions/complexes that accumulate with age. We found evidence for altered HTT complexes in caspase-2 fragment transgenic mice (N552-Q148) and a stronger interaction with the endogenous HTT protein. All fragment mice had accelerated onset of motor and behavioral phenotypes relative to WT mice as well as a reduced life span. Finally, we identified HSP90AA1 (HSP86) as a protein interactor that may modulate the distinct neurotoxicity of the caspase-2 fragment (N552-Q148) when compared with the caspase-6 fragment (N586-Q148). It is known that overexpression of the wild-type protein has some protective properties in vivo, and several groups have reported in culture models that the fragments of HTT expressed with normal polyQ length are neuroprotective or have no effect (5, 18, 21, 76 -80) . Our studies do address the impact of expressing normal HTT fragments that may affect the mouse phenotypes in vivo or how the polyQ-expanded HTT fragments affect normal HTT function. Future work will evaluate the localization of the various fragments as their localization pattern and different interaction domains may reflect on the mechanisms of neuropathogenesis.
